Plasmon resonance associated with nanoparticles of gold can enable photothermal ablation of tissues or controlled drug release with exquisite temporal and spatial control. These technologies may support many applications of precision medicine. However, clinical implementations of these technologies will require new methods of intraoperative imaging and guidance. Near-infrared laser surgery is a prime example that relies on improved image guidance. Here we set forth applications of augmented microscopy in guiding surgical procedures employing plasmon resonant gold-coated liposomes. Absorption of near-infrared laser light is the first step in activation of various diagnostic and therapeutic functions of these novel functional nanoparticles. Therefore, we demonstrate examples of near-infrared visualization of the laser beam and gold-coated liposomes. The augmented microscope proves to be a promisingimage guidance platform for a range of image-guided medical procedures.
INTRODUCTION
State of the art image guidance technologies and therapeutic strategies are of paramount importance for improving the outcomes of surgical procedures. Brain cancer has a high morbidity in part because of the difficult and incomplete resection margins. 1 This can be attributed to two main impediments: inability to visualize the tumor tissue completely, and inadequate techniques for resection of the tumor tissue. Glioblastoma (GBM), considered the most aggressive and difficult to treat brain cancer, is highly invasive and grows diffusely with 'finger-like' projections. While there is a positive correlation between better resection margins and improved prognosis, identifying tumor margins is extremely diffciult. 2 The diffusivity of GBM creates the need for better diagnostic imaging techniques that can highlight these margins. Additionally, there also exists a need for improved treatment strategies to aid in more complete removal or even eradication of the tumor tissue. Laser surgery in combination with nanotechnology can potentially improve treatment for brain cancer. Nanotechnology has yield new materials of unique properties. For example, gold nanoparticles have been shown to absorb energy of near-infrared (NIR) light and enable thermal ablation for biomedical applications. Consequently, there has been increased focus on using near-infrared light for surgical image guidance and therapy to enhance visualization of abnormal or pathological structures and ablate tissue respectively.
2-10 NIR light is advantageous for the transparency of biological tissues in this spectral range, and introducing NIR light does not affect the perceived colors in the visible spectrum. Currently, surgical imaging technologies have limited capabilities to work with images simultaneously in the NIR and visible spectrum. Leading surgical microscopes, like those from Leica or Zeiss, provide NIR capabilities as an 'add-on' functionality, but these microscopes are not optimized for real-time NIR imaging or NIR light sensitivity balanced with visible light sensitivity. Therefore, there is a need to develop more effective imaging technologies that can better visualize, and be more sensitive to, the NIR light. We are developing a surgical augmented microscope to provide concurrent visualization of the surgical field with images derived from a NIRsensitive camera for guiding surgical procedures in the brain that use NIR laser light and novel gold-coated nanoparticles.
Standard gold nanoparticles are typically prepared in the size range of 50-100 nm and there are still concerns regarding clearance and toxicity. 11 To address clearance and toxicity relevant issues, we investigate gold-coated, plasmon resonant liposomes . 12 These nanoparticles are synthesized from lipids and have small clusters of gold, less than 5 nm in size, reduced onto the surface. We expect that these nanoparticles will degrade via normal biological processes to clusters small enough for renal excretion. In addition to addressing clearance issues, gold-coated liposomes are uniquely capable of activated drug delivery via modulated NIR laser. 13, 14 Because of their various modes of interaction with NIR light, gold-coated liposomes present a unique choice for visualization and guidance under the surgical augmented microscope. This paper reviews our continuing work toward a surgical augmented microscope for guiding NIR laser surgery with gold-coated, plasmon resonant liposomes. We discuss a new optical module that will enable augmentation within a surgical stereomicroscope for better visualizing contrast agents and NIR laser beams concurrently with presentation of the surgical field.
MATERIALS AND METHODS
All animal procedures performed in this study were approved by the Institutional Animal Care and Use Committee at the University of Arizona.
Surgical Augmented Microscope
Current implementation of the augmented microscope is based on our work presented earlier. 9, 10 It uses a surgical ENT microscope body and stand (Prima ENT, Labo America, Inc., Fremont, CA) ( Fig. 1a) and meets optical and ergonomic standards that are expected in the clinical setting (i.e., working distance, depth of focus, white light flux, maneuverability). This microscope retains the Galilean optical design, with two parallel optical paths for stereovision, which enables a modular augmentation module to be inserted into the optical path. Here, we are developing a complete, single module that will enable stereoscopic augmentation in the new surgical microscope (Fig 1b) . The new module contains the excitation source optics for NIR fluorescence applications. It uses NIR optics and NIR sensitive camera (ImageM EM-CCD, Hamamatsu, Hamamatsu City). The module employs a miniature digital micromirror device (DMD) picoprojector (DLP LightCrafter Display 2010 EVM, Texas Instruments, Dallas, TX) to inject the synthetic image into the optical path of the microscope. A patent pending technology for combining real and synthetic images uses a spatial light modulator, presented in Poster 10049-42.
Cerebrovascular Angiography with Plasmon Resonant Gold-Coated Liposomes

Gold-Coated Liposomes with NIR Fluorescence
NIR-fluorescent gold-coated liposomes were prepared using standard techniques and loaded with a hydrophobic NIR fluorescent dye (IR792, Sigma-Aldrich, St. Louis, MO). 13 Briefly, a mixture of lipids with a NIR dye was dried overnight using a vacuum cold trap and then rehydrated with phosphate buffered saline. Freeze/thaw cycles were subsequently performed followed by high pressure extrusion through 100 nm pore size filters. Gold coating was performed by reducing gold-chloride onto the surface of the liposomes in the presence of ascorbic acid. The presence of plasmon resonance was confirmed by absorption spectra (Cary5, Santa Clara, CA), and the size of nanoparticles was confirmed via dynamic light scattering (ZetaSizer Nano ZS90, Malvern, UK). The gold-coated liposomes were prepared at 30 mM lipid concentration with 0.1 mole percent of the NIR dye.
Cerebrovascular Angiography
Angiography was performed in a rat model of an open craniotomy. The animal was anesthetized (1-3% isoflurane, Henry Schein, Melville, NY) and monitored visually and using tow pinch technique periodically during surgery. Immediately the tail vein was cannulated for vascular access. Under the augmented microscope, approximately 2 x 5 mm craniotomy was performed on the right lateral side of the superior central sulcus between bregma and lambda using a high-speed drill. The dura was carefully removed using microsurgical technique to fully expose brain vasculature and any bleeding was controlled. The gold-coated liposomes with NIR dye were injected (0.5 mL) through the tail vein cannula while the surgical field and NIR fluorescence were observed within the oculars of the augmented microscope and recorded for further analysis.
NIR Laser Guidance Using Augmented Microscope
The augmented microscope was used to observe an ultrafast Ti:Sapphire NIR laser beam to develop an experimental protocol for NIR laser ablation with gold-coated liposomes. We launched a Ti:Sapphire laser beam (MaiTai, Spectra Physics, Santa Clara, CA) at <5 mW average power into a hollow core photonic crystal fiber (PCF) (HC-800B, Thorlabs, Newton, NJ) using a precision single mode fiber launch stage (MBT612D, Thorlabs). A FC type connector (30140E1, Thorlabs) and appropriate beam collimator (F230FC-780, Thorlabs) was attached to the distal end of the fiber. The NIR laser beam was observed using the augmented microscope and images recorded for analysis.
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We visualize surgery proc queues as see microscope. augmentation The current prototype combines all the necessary parts into one complete module for insertion between ocular head and microscope body of a surgical microscope. To address the inadequate contrast between augmentation images and white light observed in the first prototype, we have fitted the new module with a DMD picoprojector, capable of high luminance and excellent contrast that can more closely match the intensity of surgical illumination. This produces better quality augmentation within the oculars while retaining full surgical illumination. The surgical augmented microscope uses an EMCCD sensor for detecting NIR light to retain sensitivity required in proposed imaging applications.
The gold-coated liposomes were clearly visualized within brain vasculature demonstrating their possible use as a vascular contrast agent. In contrast with molecular dyes (e.g. indocyanine green), we observed little extravascular background signal. The relatively larger size of the gold-coated liposomes impedes extravasation, even within diseased vasculature in the brain. The fluorescence signal seen above the superior sagittal sinus indicates the deep detection depth through the cranium.
These observations point to several potential clinical applications of the augmented microscopy. The augmented microscope visualized near-infrared laser light while still maintaining the ability to monitor surrounding spatial cues. When working with gold-coated, plasmon resonant liposomes the NIR laser light can be introduced to activate therapies for subsequent therapeutic processes. Gold-coated liposomes can either release their contents, heat up and ablate tissue, or both. NIR fluorescent dyes can be added to liposomes to track their distribution and evaluate the therapeutic process. When accumulated at a tumor site, the nanoparticles could be illuminated with NIR laser light during surgery to improve spatial control and accuracy of the therapeutic process. In another area of potential clinical applications, the delivery and monitoring of ultrafast laser pulses under the augmented microscope may enable implementation of non-thermal laser ablation technologies for surgery.
The surgical augmented microscope provides a promising image guidance technology for visualizing NIR procedures. The simple and ergonomic integration of the module into a surgical microscope will be advantageous to the surgical community and provide easy access to augmented imaging.
